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Purpose
The zygomatic-orbital-maxillary complex fracture is known as one of the most prevailing facial injuries. It can cause secondary morphologic disfigurement and functional impairment, including ocular motility restriction, facial asymmetry, and so forth. Precise repositioning of the fractured bones, especially for the zygomatic-orbitalmaxillary complex fractures, is key to ultimately restore the normal function and esthetics of the midface. Image-guided navigation has shown great potential for clinical applications, particularly when precise location of any instrument or bony anatomic landmark is required. In this study, the effect of image-guided navigation on open reduction and orbital floor reconstruction was evaluated in the treatment of old zygomatic-orbito-maxillary complex fractures. Methods Ten patients with zygomatic-orbito-maxillary complex fractures were included in this study. With preoperative planning and 3-dimensional (3D) simulation, normal anatomical structures of the deformed area were created by superimposing and comparing the unaffected with affected side. The position of dislocated bone for reduction was defined and displayed. All patients underwent anatomic reduction of the fracture fragments and orbital floor reconstruction using the guidance of the TBNavis system. The dislocated bone segments were released and repositioned according to the preoperative plan and simulation. The intraoperative navigation probe was then placed on multiple different areas of the mobilized bone segment to precisely confirm or modify the reduction. The postoperative 3D image of the unaffected side was mirrored and superimposed on the affected side. The maximal deviation of the reduction between the virtual plan and the achieved results was analyzed (Fig. 1) . Results Through registration, an accurate match between the intra-operative anatomy and the CT images has been achieved and the systematic error was within 1 mm. With the guidance of navigation, anatomical structures and the position of surgical instruments were shown real-time on screen. Fracture reduction was checked by postoperative CT scans and good coincidence with preoperative planning was found. The maximal deviation between reduction and preoperative planning was less than 2 mm. No complications occurred in all cases. Sequela associated with orbital floor defects was eliminated and the postoperative facial appearance was improved obviously (Fig. 2) .
Conclusion
The TBNavis system was of great benefit in fracture reduction as a treatment of maxillofacial cases. It is helpful for precise anatomic reduction, asymmetry correction, and safe manipulation in close proximity to delicate structures. Navigation-guided open reduction and orbital floor reconstruction in the treatment of zygomatic-orbitomaxillary complex fractures was regarded as an ideal and valuable alternative in this potentially complicated procedure. References Computer tomography (CT) scans were performed in all patients after five position tatanium screws as navigation markers were implanted in maxillary alveolar bone, and data were saved as DICOM (digital imaging and communications in medicine) format [1] . Intercuspal position was maintained during CT scanning for the patients with mandibular diseases. The data was then transferred to windows-based computer workstation. During the preoperative planning and simulation, mirroring and superimposing procedures were commonly applied. Referred to the normal anatomic structures and contour of target area, the osteotomy lines, amount and range of resection, the reduction position of bony segments, and the reconstruction morphology was determined and displayed. For the patients with bilateral maxillofacial fibrous dysplasia, craniomaxillofacial model with morphology closed to this case ware chosen from CT database to be used as a reference standard for revision and recontouring. Both the original CT dataset and the virtual reconstruction model were transferred to navigation system after the preoperative planning and simulation was completed. The AccuNavi-A navigation workstation (UEG Medical Devices Co Ltd, Shanghai, China) or Stryker navigation system (Stryker Leibinger, Freiburg, Germany) was applied on the patients for intraoperative navigation. Virtual images were matched with patient by point registration (137 cases), surface registration (11 cases) or the hybrid registration (14 cases). Tracking information was processed by the AccuNavi-A and Stryker navigation system and merged with 3D craniomaxillofacial model, providing surgeons with continuous 3D positioning of their instruments. The lesions, deformities and fractures were exposed via semicoronal, subconjunctival, intraoral, preauricular or local approaches. Temporomandibular joint arthroplasty [2] , fracture reduction with/without orbital floor reconstruction [3] , craniomaxillofacial recontouring, tumor resection [4] , and removal of foreign body [5] were performed under the guidance of navigation. Surgical results were checked immediately with the probe to ensure the correspondence with surgical planning. Accuracy of navigation was evaluated by comparing the postoperative CT 3D model with preoperative surgical planning and simulation. Results Preoperative planning, simulation and intraoperative navigation were performed in all 162 patients. Through registration, an accurate match between the intraoperative anatomy and the CT images was achieved. The navigation systematic error measured by computer was less than 1 mm. During the operation, the navigation systems provided immediately and continuously updated information on the position and movement of surgical instruments in the operating field in relation to the preoperative imaging dataset. Furthermore, the localization and protection of important anatomic structures like blood vessels, nerve tissue or dura mater was realized with a high degree of accuracy [1] [2] [3] [4] [5] . Good coincidence with preoperative planning was achieved for osteotomy lines, resection amount and fracture reduction. Using image fusion, the postoperative CT reconstruction models were compared with those of preoperative planning. 
Purpose
Aiming at the complex anatomy and special therapeutic purposes of craniomaxillofacial surgery, the craniomaxillofacial surgical robot was established with a force feedback control method, in order to increase the intraoperative maneuverability and safety of craniomaxillofacial surgical robot. The feasibility of this method was verified by experiments.
Methods
The craniomaxillofacial surgical robot was designed, installed and programed by Shanghai Jiao Tong University. It could perform the cutting, milling and drilling procedures by following the orders from its control system or optical navigation system. Force feedback system was used to limit the movement of the robotic arm [1] [2] [3] , and integrated to this surgical robot, including force feedback device Omega.6 (Force Dimension, Nyon, Switzerland), 3D piezoelectric dynamometer Kistler 9256 (Kistler Instruments, Winterthur, Switzerland), signal amplifier Kistler 5070A (Kistler Instruments, Winterthur, Switzerland) and data acquisition card USB-6211 (National Instruments, Texas, US). Besides, the force feedback control method was established by adjusting and optimizing the control system, using the force-velocity control strategy and virtual constrained control strategy. Through linear cutting experiments, the motion precision of the craniomaxillofacial surgical robot in this method and the force data collecting function of the force feedback system were detected. Thus, a platform of this surgical robot including both hardware and software was set up for experiments ( Fig. 1 ). Porcine bone grafts were applicated as bone model to analyse the cutting force [1, 2, 4, 5] . In the force-cutting experiments, porcine bone grafts of mandibular angle as cutting materials were cut straightly by reciprocating saw. Two groups were involved in the research, the control group was handheld cutting group that surgeon held the reciprocating saw and cut the bone graft directly, the experimental group was force feedback control cutting group that surgeon control the surgical robot to cut the bone graft via the force feedback control method. The tangential forces data of these two groups were collected per 10 ms during the cutting procedures. All the data was analyzed by SPSS 13.0 software package via independent samples t test, in order to evaluate the operating sense that the force feedback system provided to the surgeon.
Results
Based on the force feedback system, the experimental platform of the craniomaxillofacial surgical robot was set up successfully. The force feedback control method for the craniomaxillofacial surgical robot was established and the linear cutting task to resin materials was completed accurately through this control method. During the cutting procedures, the force feedback system was able to measure and collect the force data of the surgical region in real time. From the forcecutting experiments, tangential force data of 245 time points were collected in the control group, tangential force data of 1202 time points were collected in the experimental group. In the control group, the average of force data was 13.97 ± 7.27 N, the maximum is 22.98 N, the minimum is 0.38 N. In the experimental group, the average of force data was 13.89 ± 4.89 N, the maximum is 20.90 N, the minimum is 0.22 N. The result of independent samples t test was P [ 0.05, and no statistic difference of the force data was found between these groups.
Conclusion
The craniomaxillofacial surgical robot was integrated with the force feedback system. Establishment of the force feedback control method for the surgical robot enabled the surgeon to control the robot during the robotic surgery. This research tested and verified the feasibility and validity of force feedback control method for craniomaxillofacial surgical robot, and provided the preliminary illustration that the surgeon could experience operating sense created by the force feedback system, which is similar with the handheld cutting. Acknowledgments This work was supported by National Natural Science Foundation of China (81371193) 
Purpose
The purpose of orthognathic surgery is to correct jaw function and esthetic problems that are due to underlying skeletal deformities rather than facial plastic surgery, but many patients were satisfied with the post-surgery results not only by the face shape is significantly changed, but also by whole face has become beautiful. The assessment methods of facial attractiveness in patients treated with orthognathic surgery, however, mostly used the questionnaire, asking the observers to rate each image in terms of facial attractiveness with the use of the rating scale, but are ''qualitative beauty'' analysis [1] . Additionally, some ''quantitative beauty'' approach has recently been used to assess the facial attractiveness but all have the following problems: normal facial appearance of groups gathered to study, did not apply to the aesthetic assessment for orthognathic surgery patients; two dimensional (2D) facial geometry features were used, failed to three dimensional (3D) image analysis; and smiling face expression was rarely discussed. Although our previous study [2] has presented an automatic assessment approach for facial attractiveness using fuzzy neural network (FNN) classifier based on 3D Moiré features, only provided coarse classification into five beauty clusters, thus had limitation for quantitative evaluation of how the degree of orthognathic surgery influences the facial attractiveness. Moreover, to explore the other meaningful 3D facial features for the extension and refining of our classification system is necessary. This work presented a modified automatic assessment system in facial attractiveness of Fig. 1 Hardware components and control system of the craniomaxillofacial surgical robot, LAN means Local Area Network, the solid arrows illustrates the control procedures and the dotted arrows illustrates the feedback procedures Int J CARS (2014) 9 (Suppl 1):S187-S193 S189 patients treated with orthognathic surgery based on quantitative 3D shape features combined with smile characteristics and assessed the accuracy of the method. Methods A total of 100 female patients who underwent orthognathic surgery were recruited in this study from August 2012 to July 2013. Standardized pre-and post-operative 3D surface images of the face with neutral and smile expression were taken of 100 female patients by using the 3dMD cranial scanner. The ground truth was based on a survey of 62 of diverse referees offering their attractiveness ratings over a 10-point scale for pre-and post-operative 3D facial images via an auto-play and separate slide show. The construction of modified automatic attractiveness assessment system included three steps (shown in Fig. 1 ). The first step was to extract 3D Moiré and curvature pattern form each 3D surface images of the face as the input pattern for feature extraction. The second step was to analyze the quantitative features extracted from 3D Moiré and curvature and select some significance features to represent a 3D facial image for assessing facial attractiveness. The final step was to apply the FNN classifier, taking the selected 3D features as the parameters, is then trained and validated against independently conducted attractiveness ratings. In this study, the intra-examiner reliability was qualified to avoid the rating are subjective using Cronbach's alpha reliability coefficient. We used multivariate statistics to analyze the relationship between the geometric factors extracted from 3D feature patterns (Moiré and curvature) and their attractiveness ratings as the feature selected rule. The Wilcoxon rank sum test was used to compare the significant differences between the pre-surgery assessing result and post-surgery assessing result obtained from our automatic FNN classifier.
Results
The mean values of facial attractiveness increased from 3.72 to 6.38 with 95 % Confidence interval of mean difference (MD) 0.54. The class assessment (against the attractiveness ratings) of our system achieves an accuracy rate of 90 %. The area under the curve (AUC) of ROC is 0.95, which is greatly better than a random classifier whose AUC is 0.5, and thus exhibits an excellent prediction stability of the class assessment. In addition, our method was compared with conventional 2D approaches, which enable better results than 2D-only features which resulted accuracy is 72 % using the same sample size, classifier, and the same statistical analysis method.
Conclusion
The high accuracy achieved proves that the proposed FNNC can serve as a general, automated and human-like judgement tool for objective classification of facial attractiveness pre and post orthognathic surgery, and could provide useful quantitative tool for assessing the improvement of treatment in clinical. 
Purpose
The aim of this study is to identify reliability of our proposed facial soft tissue reference plane in horizontal plane using three-dimensional (3D) photogrammetry and find correlation between this plane and Camper's plane with Frankfurt horizontal plane. Three-dimensional cephalometric analysis of soft tissue is of major importance. For 3D cephalometric hard and soft tissue analysis, if CT data are not available, 3D photogrammetry is the only diagnostic tool. Evaluation with three-dimensional photography has many advantages such as non-invasiveness, no radiation exposure, reliability and data could be recorded in digital files [1, 2] . From previous studies, many reference planes were published such as plane from natural head position, soft tissue Frankfort horizontal line (FH) [3] , constructed Frankfurt horizontal line (FHc), lateral canthus and supraaural line or Camper's line [4] . These reference lines have some disadvantages such as inconstancy and inaccuracy of landmark used, especially after orthognathic procedure. In this study, we focused on evaluation of facial landmark constancy using 3D photogrammetric technique. Subsequently, these constant landmarks were used to construct a reference plane, which could be used as a reference in comparing the facial soft tissue profile before and after operation. Methods This study is retrospective study. Patient's demographic data included age, gender, diagnosis, operation. Three-dimensional photographs and/or 3DCT images were achieved under standardized method. All data were retrieved from databank of Craniofacial research center, Chang Gung Memorial Hospital. The exclusion criteria were (1) syndromic craniofacial deformities, (2) significant facial asymmetry (3) previous orthognathic surgery (4) subject with inadequate image data. First, twelve Taiwanese men and 8 women, aged 18-31 years who underwent orthognathic surgery for dentofacial deformities during October 2011 and September 2012 were enrolled.
Three-dimensional facial images were taken with the 3dMD TM face system. The data were imported to 3dMD TM Vultus software in which the digital models were constructed. The 3D images were obtained before operation and 6 months after operation. Preoperative and postoperative 3D images were moved and adjusted until proper vertical and horizontal axes were achieved. Superimposition was carefully done to combine both images to the same position. Twenty six facial landmarks were assigned in each image regarding to the landmark definition. Difference in preoperative and postoperative landmark position were evaluated. The reliability of each landmark was confirmed if this distance was less than 0.5 mm. We hypothesized that landmarks on upper part of face and fixed structure such as Glabella (G), Nasion (N), Exocanthion (Ex), Endocanthion (En) and Tragion (T) were constant. We selected two easily identifiable landmarks, Ex and T to propose a reference plane.
Next, 32 patients (15 men and 17 women), aged 17-37 years with the same day record of both 3DCT and 3D images were recruited in this step. All images were imported into 3dMD TM Vultus software. After skin and skull segmentation of 3DCT data were completed, three objects were manipulated. With proper superimposition between 3D image and soft tissue segmentation of CT data, all objects were placed into same coordinate, reference-frame base. Then landmarks used in our three interesting lines (FH, proposed reference and Camper's line) were plotted. Frankfort horizontal plane constructed from bony Porion (Po) and Orbitale (Or) was used as a standard reference plane. The angle between another two lines and FH line were calculated using Simplant Pro TM software (version 11.04, Fig. 1 Method procedure S190 Int J CARS (2014) 9 (Suppl 1):S187-S193
Materialise Dental, Leuven, Belgium). Statistical analysis was done with independent t test to identify the difference between gender and timing of taking photograph. Paired sample t-test was done to identify difference between left and right side.
Results
In the first step, after landmarks were plotted in each superimposed preoperative and postoperative 3D images, the difference of each landmark position was calculated. Five landmarks (G, N, Ex, En, T) have different position less than 0.5 mm. Then, Exocanthion and Tragion landmark were used to construct proposed reference plane.
In the second step, after 3DCT and 3dMD image were superimposed, the assignment of 6 paired landmarks (Ex, T, Po, Or, mid T, Al) were performed. The angle between proposed reference line (Ex-T) and FH line (Po-Or) was 17.29°± 2.34 for left side, 17.91°± 2.18 for right side and 17.6°± 2.02 for both sides. There was no statistical difference between gender, timing of taking photograph and side. The angle between Camper's line (mid T-Ala) and FH line was 6.79°± 2.27 for left side, 6.74°± 3.12 for right side and 6.76°± 2.4 for both sides. There was no statistical difference between gender, timing of taking photograph and side. Conclusion Our proposed reference plane are constructed from reliable facial landmarks which are capable in comparing facial soft tissue changes after orthognathic surgery. This line (Ex-T) cross the FH line at about 17.6 degree, regardless of gender, side and timing of taking photograph. References 
Purpose
Cranial vault remodeling incorporates the surgical correction of the head shape dysmorphology associated with metopic, unicoronal, and bicoronal synostoses. Traditional methods for surgical reshaping (cutting and bending) of the fronto-orbital band ('bandeau') depend on the surgeon's subjective perception of normal morphology, which may not yield optimal or consistent results. This study aims to use mathematical methods to determine a priori the optimal number of bone cuts and the location of discrete bone pieces on the bandeau, based on an average normative three-dimensional (3D) skull shape previously generated from a subject's computed tomography (CT) image data. Consequently, the overall cost of the procedure can be analyzed for various scenarios and the most suitable treatment plan selected by the surgeon. The optimization algorithm will be applied to data from sample synostosis cases and validated by way of statistical methods in order to achieve an acceptable residual post-operative deformity in the frontal profile. Methods The concept of defining a 'normal for age' skull vault shape and the methodology for generating an averaged normative skull library in the 8-12 months age group has been previously reported. We hypothesize that for every pediatric patient with a synostosis craniofacial deformity, an optimal solution exists for the number and placement of bone cuts on the fronto-orbital band in order to achieve a final reconstructed shape based on the patient's normalized skull shape. The methodology involves assigning a fixed number of surgically viable cuts to a set of locations on the bandeau surface so as to minimize the area difference between the post-operative and ideal normative skulls. Assuming the bandeau is a two-dimensional (2D) curve and that each bone piece has limited flexibility, the 2D mathematical optimization problem becomes that of choosing cut locations among a pre-specified set of candidates. The number of such possible locations is chosen such that the distance between any pair of adjacent candidates is no larger than 1 mm. This condition is set to ensure that any possible surgical bone cut is considered, to within an accuracy of 1 mm. Since the number of possible solutions is too large to analyze, we employed a mathematical optimization technique called Dynamic Programming, which allows for the analysis of only a small part of the several possible solutions while still ensuring the optimal result with a considerable reduction in computing time. To determine the accuracy of the algorithm and its suitability for use in the cranial vault remodeling procedure, previously-operated metopic and unicoronal synostosis patients were identified in the hospital image archives. From the corresponding CT data sets of these latter, 3D computer models of the skulls were generated and the mathematical descriptions of the frontal bandeau profile curves were extracted. The optimization algorithm was subsequently applied to the curves and a solution was established for each patient.
At this stage, the area under the curve (AUC) between the virtual, normative bandeau template and a representative CT axial cross-sectional slice at the bandeau level was calculated for each sample case. The AUC effectively represents the amount of 'error' or deviation of a patient's surgically-reconstructed bandeau shape from a normal forehead shape.
Results
The bone cut locations have been determined by the mathematical optimization algorithm for several cases, considering a pre-specified number of cuts to be performed, varying between 5 and 11. The area under the curve typically decreases as the number of cuts increases. Figure 1 shows the results for a metopic synostosis case. The red curve represents the pre-operative frontal bandeau profile of the patient, and the red triangles those locations at which the algorithm prescribes the cuts to be made for each pre-specified number of cuts (5, 7, 9, and 11). The green curve illustrates the normative bandeau template. The blue curve represents how the bandeau will look after the cuts are made, and the blue triangles the positions on the normative bandeau template to which the red triangles are mapped. The AUC value in each subfigure depicts the area under the curve (in square millimeters) for each number of cuts. These results will be presented to the surgical staff in advance, allowing them to analyze the trade-off between the overall cost of performing more cutsduration of surgery, operating room expenses, additional fixation with plates and screws which also serve to weaken the construct-and obtaining smaller areas between the normative and post-operative bandeaus. It is worth noting that the number of bone cuts ultimately selected aims to achieve a minimal acceptable residual deformity (via AUC measurements) of less than 5 %, per the prescription of our craniofacial surgeons. We have already implemented the use of the optimization algorithm in our first patient and are awaiting the postoperative image results for quantitative outcome analysis. Conclusion A mathematical optimization methodology has been developed to determine bone cut locations in pediatric cranium vault remodeling surgery, allowing a formal a priori analysis and attempting to achieve a minimal residual post-operative deformity per the prescription of our craniofacial surgeons. By employing the algorithm results, the surgeon can have more precise, quantitative information on the number and location of the bone cuts performed to minimize the area under the curve, as well as the corresponding impact on the final outcome of the bandeau reshaping procedure. Future work involves validating the cuts prescribed by the algorithm by using the results in actual surgeries and performing statistical analysis of the post-operative results. We also hope to extend the optimization technique to larger portions of the 3D reconstructed skull in addition to the bandeau. Keywords Orbital morphology Á 3D cephalometry Á Image segmentation Á 3D shape analysis Purpose Crouzon-Pfeiffer (CPS) and Apert (AS) syndromes are FGFR2-related craniosynostoses associated with severe orbital dystopia and oculo-orbital disproportion. CPS is corrected by monobloc-distraction (MbD) osteotomy (Fig. 1) and AS by bipartition-distraction (BpD) osteotomy.
Here we investigate the morphology of CPS and AS orbits and ask whether MD and BpD achieve a stable resolution of oculo-orbital disproportion in these syndromes. Methods Pre-and post-operative computed tomography (CT) scans of 29 CPS (58 orbits, R = 0.24-17.8 years) and 15 AS (30 orbits, R = 2-21 years) patients were assessed against similar data from 40 age-matched control scans from a neurosurgical population. The patients were divided into three age groups: 0-5, 5-10, and [10 years. Orbital volume was obtained by manual segmentation with inter-and intra-observer control and verified by a deformable mesh-based semi-automatic segmentation technique (Fig. 1) [ref1] . A haptic 3D input device was used to initialize, guide, and correct the deformable mesh during the segmentation process. Orbital morphology was studied by registration-based comparison of mean orbital shape models constructed for the different patient and age groups and by 3D cephalometry [ref2] using 20 landmarks defining 10 planes, 16 angles and 22 distances. Using a similar approach as in [ref3], the mean orbital shape models were automatically generated from the semi-automatic orbit segmentations by (1) randomly selecting one of theNsegmented orbits as reference model, (2) automatically extracting uniformly distributed landmarks from the reference model via mesh decimation, (3) propagating the landmarks from the reference model to the N -1 remaining orbits via iterative closest point (ICP) registration [ref4] and multiresolution B-spline free-form deformation (FFD) [ref5], (4) aligning the propagated landmarks with Procrustes analysis, and (5) averaging the aligned landmarks to obtain the mean shape. To reduce bias towards the selected reference model, step 2-5 was repeated once with the generated mean shape as new reference. Quantitative and qualitative shape comparison was performed by registering the mean orbital shape models to each other with an ICPbased algorithm and then computing and visualizing the surface-tosurface distance between the registered models. Results CPS orbits were characterized by a mediolateral widening and CPS airways were compressed antero-posteriorly. MbD tended to correct these anatomical characteristics in CPS, without any argument in favour of a long-term relapse. AS orbits were significantly wider and more shallow than controls. BpD corrected hypertelorism and significantly increased orbital depth in AS. Mean AS orbital volume matched control while CPS orbital volume was significantly decreased relative to control. Both MbD and Bpd corrected orbital volume in AS and CPS respectively. Shape comparison of the Fig. 1 Results of mathematical optimization of bandeau reshaping procedure for metopic synostosis case Fig. 1 Example of a CPS patient before (a) and after (b) MbD correction. The left orbit (blue) of the patient has been segmented with a deformable mesh-based semi-automatic segmentation technique to enable further size and shape analysis. A haptic 3D input device (represented as a virtual stylus in the segmentation interface) was used to guide and correct the segmentation (c) generated mean control orbits and the mean CPS and AS orbits showed, as illustrated in Fig. 2 , that surgery provides stable volume expansion and tends to normalize orbital morphology for all age groups. Conclusion CPS and AS have specific orbital morphologies that both induce oculo-orbital disproportion. MbD in CPS and Bpd in AS both tend to normalize orbital volume and orbital morphology. Post-operative orbital morphology is stable in CPS. These results confirm that MbD in CPS and BpD in AS are targeted and valuable strategies to resolve oculo-orbital disproportion. Fig. 2 Shape comparison of a left mean control orbit (red) and agematched and registered mean CPS preop and postop orbits (blue) for the [10 years age group. The color-coded distance maps show the surface-to-surface distance (in mm) between the superimposed mean shape models. Blue represents negative distance (i.e., that a point on the control model is inside the CPS model), green represents intersection, and red represents positive distance (i.e., that a point on the control model is outside the CPS model). The comparison shows that MbD normalizes orbital morphology
